S
oil organic matter has long been considered a mixture of identifi able biomolecules from plant, microbial, and animal origins together with abundant humic substances that exist solely in soil, have uncertain chemical structures, and have evolved from degrading biomolecules through poorly understood reactions (Stevenson, 1994) . Some recent reviews have hypothesized that identifi able biomolecules comprise larger proportions of soil organic matter than previously believed (Burdon, 2001; Hayes and Clapp, 2001 ). Accordingly, Martens et al. (2004) identifi ed 71 to 79% of the C in a soil devoted to either pasture, cropland, or forest as being amino compounds (amino acids and amino sugars), carbohydrates, lipids, or phenols. If such a dominance of identifi able biomolecules were common, it would emphasize the need for high-quality data on the types and amounts of biochemical components for us to better understand the behavior of soil organic matter.
During the past decades, advancing technology has enabled improved range and precision of analytical procedures for soil biochemical compounds. Recent reviews have discussed new applications of nuclear magnetic resonance spectroscopy (Preston, 1996; Kögel-Knabner, 1997) , chemolytic techniques (Kögel-Knabner, 2000) , and various analyses for the chemical forms of organic N . Capabilities have also improved for chromatographic determinations of three common types of soil biochemicals: carbohydrates, amino compounds, and phenols. For example, mass spectrometry can now be applied to determine the contents of stable isotopes in specifi c biochemical compounds (Filley et al., 2006) . While potentially producing a wealth of information regarding the origins and ages of the studied compounds, these methods can be relatively complex and are not intended for routine analysis of large sample sets.
This review will focus on relatively rapid chromatographic procedures for soil biochemicals that are suited to the large sample sets that are often generated during agricultural research. It focuses on new analyses developed, before his untimely death, Dan C. Olk* USDA-ARS National Soil Tilth Lab. 2110 University Blvd. Ames, IA 50011
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Improved Analytical Techniques for Carbohydrates, Amino Compounds, and Phenols: Tools for Understanding Soil Processes
A process-level understanding of soil C and N cycling will be facilitated by accurate measurement of biochemical compounds in soil organic matter. This review summarizes some recent developments in analytical procedures for measuring soil carbohydrates, amino compounds (amino acids and amino sugars), and phenols. The emphasis is on methods for soil carbohydrates and amino compounds involving anion chromatography and pulsed amperometry, a sensitive form of detection that has otherwise not been widely used in soil science. This carbohydrate procedure has become a leading method, with high resolution, sensitivity, and reproducibility. The pulsed amperometry analysis for amino compounds may be incrementally better than the conventional approach by HCl extraction, cation exchange chromatography, ninhydrin derivatization, and detection by visible light absorption. The two amino approaches need more rigorous comparison with regard to extraction effi ciency and sensitivity for each amino compound. The pulsed amperometry approach also needs evaluation in a wider range of research settings. A recently developed procedure for measuring soil phenols is based on plant biochemistry studies and distinguishes ether-linked phenols (mostly vanillyl and syringyl) from ester-linked phenols (mostly coumaric acid and ferulic acid). Its applications in a limited number of studies linked specifi c phenols to soil aggregation and C sequestration. It needs calibration with other phenol methods favored by soil scientists and biogeochemists, and it needs to be evaluated in a range of research settings. Like the pulsed amperometry analysis for amino compounds, this distinction of ether-and ester-linked phenols is likely to complement existing techniques. A future goal will be the integration of results from complementary analyses for these biochemical compounds to help us better understand soil processes.
Abbreviations: HPAEC-PAD, high performance anion exchange chromatography and pulsed amperometric detection; HPLC, high performance liquid chromatography; MSA, methanesulfonic acid; NMR, nuclear magnetic resonance; RI, refractive index.
by D.A. Martens for soil carbohydrates and amino compounds that include anion chromatographic separation followed by pulsed amperometric detection. These techniques are not yet well known in the soil science literature, yet they are central to the strengths and weaknesses of the biochemical procedures. Therefore they are explained fi rst below.
ANION CHROMATOGRAPHIC SEPARATION AND PULSED AMPEROMETRIC DETECTION Pulsed Amperometric Detection
Pulsed amperometry was developed in the 1980s by Dennis C. Johnson and colleagues, based on the known capacity of Au to catalyze the oxidation of organic compounds (LaCourse, 1997) . The Au surface, having unsaturated d-electron orbitals, binds with and stabilizes free-radical intermediates generated during oxidation, thereby promoting electron transfer from the compounds to the Au surface (Johnson et al., 1993) . This electron transfer can be quantifi ed and presumed to represent the quantities of compounds that were oxidized.
In an amperometry detector, an electrical potential is established to promote the oxidation of analytes along the surface of a Au working electrode. The potential is maintained at a constant voltage that is suffi ciently weak to enable oxidation of only those compounds whose functional groups can be easily oxidized: carbohydrates, amino acids, and amino sugars. Analyte compounds fl ow past the Au working electrode in a highly alkaline solution; the high pH enables relatively rapid oxidation and highly sensitive detection of the analytes, apparently by countering the production of H + during oxidation (Johnson et al., 1993) .
Oxidation of each compound during its passage along the Au working electrode produces an electrical fl ow, which is precisely measured by the detector. The electrical fl ow can be measured as either (i) current, in units of amperes (hence the name amperometry), or more commonly (ii) charge, in units of coulombs if the current is integrated for the time duration of each compound's passage along the Au working electrode. Through use of a multiple-point calibration curve generated from standard chemicals, coulombs can be converted into concentration for each compound.
A problem that long discouraged the use of amperometry was the inevitable accumulation of oxidation products at the gold surface. Accumulation can begin within seconds of analysis, given the favorable binding of Au with intermediate oxidation molecules. The adsorbed compounds will foul the Au surface, eventually leading to its loss of chemical activity. The best solution found was to vary the electrical potential in steps, each of short (<1 sec) duration. For measurement of carbohydrates, following a limited time of detection the electrical potential is stepped to a more positive value to increase the oxidation power such that the Au surface is oxidized to Au oxide, which will effi ciently desorb the contaminants (Jensen and Johnson, 1997) . The potential is then stepped to a third, negative value to reduce the Au oxides, thereby regenerating the original clean Au surface. This triple potential waveform has now been replaced by the recommended quadruple potential waveform (Fig. 1A) . Following the detection period the potential is fi rst dropped to a highly negative value. This brief step will ensure electrode cleansing while shortening the duration of the subsequent high electrical potential that is necessary to oxidize the surface, thereby lessening long-term degradation of the electrode (Johnson et al., 1993; Cataldi et al., 2000) . After the electrode surface has been cleansed and regenerated by the end of this waveform, lasting altogether less than 0.6 sec, detection is then resumed in a second cycle. Such multi-step waveforms are repeated continuously through the duration of the analysis.
For measurement of amino acids and amino sugars, a different series of steps is used to maintain slightly higher potentials during detection such that the Au surface is maintained in an oxide state (Johnson et al., 1993) . The Au oxide catalyzes oxidation of the amino compounds, using a different chemical pathway than is used for oxidation of carbohydrates. During the time of detection, the electrical potential is increased to this higher value and then decreased again to the initial value (Fig. 1B) . Electron transfers caused by Au oxidation and Au reduction during the detection time exactly cancel each other, so the net electron transfer is attributed to oxidation of analyte compounds.
This stepping, or "pulsing" of the electrical potential, is essential for restoring the integrity of the electrode, and it enables long-term precision in measurement. The pulsing leads to a gradual loss of Au, however (Rocklin et al., 1998) , so it is best used with disposable Au electrodes. 
Anion Exchange Chromatography
Like most detectors of biochemical compounds, pulsed amperometry by itself does not distinguish individual compounds that are mixed together in solution. Therefore, soil extracts must fi rst undergo chromatographic separation for pulsed amperometry to quantify each soil compound. As described above, the solution that passes through the amperometry detector should be alkaline. Carbohydrates, amino acids, and amino sugars are weak acids, and at high pH values they will partially deprotonate, becoming anionic. Hence, anion exchange chromatography seems well partnered with pulsed amperometry. Unfortunately, this partnership was not possible for years with the classical silica-based chromatography columns, whose matrices will dissolve in alkaline solutions, i.e., at pH >8.5 (Cataldi et al., 2000) . This problem was solved with the recent development of polymer-based columns that are alkaline resistant. The stationary phase can have functional groups composed of alkyl quaternary NH 4 + ions, onto which anions will preferentially adsorb.
During the short time since its inception, the combination of high performance anion exchange chromatography and pulsed amperometric detection (HPAEC-PAD) has been used on numerous solid organic materials and liquid samples, for investigating foods, beverages, dairy, and biotechnological products, vegetative tissues, and physiological molecules (Cataldi et al., 2000) . A challenge was to adapt HPAEC-PAD to soil, which contains numerous organic and inorganic contaminants.
CARBOHYDRATES Roles in Soil Processes
Carbohydrates constitute about 75% of total plant C and comprise such important plant molecules as cellulose, hemicelluloses, starches, and pectins. Yet they represent only about 10 to 15% of total soil C, indicating their propensity for degradation in soil. They are a primary energy supply to soil microorganisms and a vital component of microbial biomass. Soil carbohydrates are derived from plant and animal remains and extracellular gums and cellular tissues of microorganisms (Cheshire, 1979; Tisdall, 1996) . Carbohydrates have been extensively studied as an agent for soil aggregation, as reviewed by Tisdall (1996) . In general, the study of carbohydrates is well suited for investigating short-term processes in soil.
Analytical Procedures for Soil Carbohydrates
The fi rst step in all analyses for soil carbohydrates is their extraction from soil, usually by acid. The acid breaks glycosidic bonds joining the sugar monomers (Swift, 1996) . No specifi c acid type or acid concentration has provided perfect extraction for all types of carbohydrates, but the most commonly used extractant has been H 2 SO 4 . To extract different carbohydrate pools, multistep extractions have sometimes been performed involving different molarities or acids (Swift, 1996) . In contrast to H 2 SO 4 , Amelung et al. (1996) recommended extraction by trifl uoroacetic acid, especially for extraction of noncellulosic carbohydrates.
Of greater controversy has been the detection mode used to identify carbohydrates in the soil extract. Several detection modes have been used over the years. Colorimetric detection has involved reaction with anthrone or alkaline ferricyanide (Cheshire, 1979) , anthrone-H 2 SO 4 (Brink et al., 1960) , phenol-H 2 SO 4 (Dubois et al., 1956) , and other reagents. Colorimetric procedures will estimate the total amount of carbohydrates but not the amounts of individual carbohydrate species. They are generally believed to be prone to interference from other soil components Frankenberger, 1990a, 1992) .
More recently, gas chromatographic procedures have been developed for soil carbohydrates. This approach offers highly specifi c and sensitive detection and can provide excellent results, as reviewed by Oades et al. (1970) , Amelung et al. (1996) , Larre-Larrouy and Feller (1997) , and Rumpel and Dignac (2006) . A drawback is the additional labor required for (i) requisite removal of contaminants from the soil extracts, and (ii) derivatization of the carbohydrates, which is necessary for volatization of these otherwise stable compounds.
High performance liquid chromatography (HPLC) bypasses derivatization issues because the carbohydrates remain in solution for detection and need not be volatized. Its major drawback has been the lack of sensitive and robust detection. For measurement of carbohydrates, across scientifi c disciplines, differential refractive index (RI) has been the detector most commonly joined with HPLC. This detector measures the degree of light refraction caused by the analyte in solution. This method responds to nearly all solutes and is unaffected by fl ow rate. Refractive index is sensitive to changes in the solution matrix, however, which precludes the use of gradients. This method is also unduly affected by temperature fl uctuations and is relatively insensitive compared with other detectors used with liquid chromatography (Table 1) .
The limitations of carbohydrate determination were perhaps the most compelling motivation for the development of pulsed amperometry (LaCourse, 1997; Cataldi et al., 2000) . Amperometry and other forms of electrochemical detection can be two orders of magnitude more sensitive to analytes than RI (Table 1) . Amperometry was fi rst used for the measurement of soil carbohydrates in a comparison with HPLC-RI for resolution and sensitivity Frankenberger, 1990b, 1991a) . Samples included standard solutions and acid extracts of soil, plant residues, animal wastes, and microbial polymers. For a solution of mixed standards, HPAEC-PAD resolved clear peaks for each of 10 monosaccharides and one disaccharide (Fig. 2, left) , while HPLC-RI resolved only seven peaks: four saccharides coeluted as one peak and two more saccharides coeluted as another peak (Fig. 2, right) . The precision of measurement was slightly better for HPAEC-PAD than for HPLC-RI ( Table  2 ). The detection limit, i.e., the minimum concentration of analyte needed to provide a clear signal, ranged from 0.05 to 0.5 mg L −1 for HPAEC-PAD but from 6 to 50 mg L −1 for HPLC-RI. Hence HPAEC-PAD was two orders of magnitude more sensitive than HPLC-RI.
In further amperometry studies, Martens and Frankenberger (1991a) described carbohydrate chemistry for poultry manure, sewage sludge, alfalfa (Medicago sativa L.), earthworm casts, and a bacterial polymer. Martens and Frankenberger (1991b) found that common soil microorganisms differed notably in the carbohydrate constituents of their extracellular polymers. During incubation in soil, extracellular microbial polymers had only transient effects on soil aggregation before they rapidly decomposed, suggesting that long-term soil aggregation may be caused primarily by biochemical or chemical agents other than carbohydrates (Martens and Frankenberger, 1992) . Martens and Loeffelmann (2002) used HPAEC-PAD to compare the effi ciencies of different acid extractions for cellulosic carbohydrates in plant and soil samples. Compared with the conventional 16-h extraction in H 2 SO 4 , 2.5 to 3.5 times more carbohydrate C was measured through a two-phase extraction for fi rst hemicelluloses and then cellulose, where each phase involved acid extraction for 30 min followed by autoclaving for 30 min. The longer duration of the conventional extraction was found to convert carbohydrates into furan derivatives.
Other recent soil studies that used pulsed amperometry addressed: (i) aggregation in an irrigated crop soil (Grant et al., 2001 ); (ii) sludge decomposition in two agricultural soils (Chantigny et al., 2000) ; (iii) changes in soil carbohydrate levels under elevated CO 2 concentrations (Barron-Gafford et al., 2005) ; and (iv) the biochemical characteristics of a microbial extracellular polysaccharide (Ohtani et al., 1995) . Modifi ed HPAEC-PAD was recommended by Chantigny and Angers (2007) as the preferred analytical technique for soil carbohydrates.
Compared with other procedures for separating and detecting soil carbohydrates, HPAEC-PAD is simple: it does not require derivatization or sample cleanup. This method is highly selective for carbohydrates in soil extracts and provides (HPLC-RI) . ‡ Defi ned as providing a signal that is three times the signal/noise ratio at the baseline (S/N = 3). high resolution with good precision at extremely low concentrations of carbohydrates.
AMINO ACIDS AND AMINO SUGARS Roles in Soil Processes
Because most soil N is organic, its chemical speciation has obvious signifi cance to issues of N cycling. Despite years of effort, the proportions of organic N species in soil remain hotly debated. A consensus view based on the results of recently developed spectroscopic techniques is that amino acids and amino sugars constitute the vast majority of soil organic N. Most or all applications of 15 N nuclear magnetic resonance (NMR) spectroscopy found a near-complete dominance in soil and humic fractions by polypeptide N, i.e., amide N (Preston, 1996; Knicker and Kögel-Knabner, 1998 ). Yet questions remain concerning the capability of 15 N NMR to detect all forms of soil N (Smernik and Baldock, 2005; Thorn and Mikita, 2000) . Other recently developed technologies, including saturationpulse-induced dipolar exchange with recoupling 13 C NMR (Schmidt-Rohr et al., 2004) , N K-edge x-ray adsorption nearedge structure (Vairavamurthy and Wang, 2002 ), x-ray photoelectron spectroscopy (Abe et al., 2005) , and also 15 N NMR (Mahieu et al., 2000) , were used to demonstrate that 10 to 20% of total N in soil or humic samples was aromatic N.
Amino acids and amino sugars probably comprise most of the remaining 80 to 90%, other than modest proportions of total soil N that have been ascribed to native NH 4 + . Amino acids and amino sugars are widely presumed to be the primary pool of organic N that is mineralized into plant-available forms. Yet they must also constitute much of the stable soil N, because short-term mineralizable N is a small proportion of total N. Mineralization of seemingly labile compounds such as amino acids and amino sugars can be constrained by physical inaccessibility to soil microorganisms, strong binding to soil mineral surfaces, and chemical binding with other components of soil organic matter into more stable molecular forms (Loll and Bollag, 1983; Sollins et al., 1996) .
The amino sugars muramic acid and glucosamine have been used as markers for cellular residues from soil bacterial and fungal populations, respectively, as reviewed extensively by Amelung (2001) . Results from this application have suggested that fungal residues promote soil aggregation (Guggenberger et al., 1999) .
Analytical Procedures for Soil Amino Acids and Amino Sugars
Amino compounds in soil are commonly extracted by HCl hydrolysis (Bremner, 1965; Stevenson, 1994) , which maintains the amino acids in protonated forms. These cationic forms are then chromatographically separated on a cation exchange column (ion exchange chromatography) and derivatized post-column with ninhydrin (triketohydrindene hydrate), which reacts with the α-amino N of the amino acid to form a colored product. The concentration of this colored product is determined from light absorption at 440 nm for proline and hydroxyproline and at 570 nm for all other amino acids.
Previously, amino sugars were extracted from soil in the same acid digest as amino acids, and their total quantity was then measured through steam distillation (Bremner, 1965; Stevenson, 1994) . Amelung (2001) described several newer analytical techniques for amino sugars that involved either reverse-phase HPLC or gas chromatography. Highly precise results can be attained. A standard procedure for chromatographic separation and detection of individual species of amino sugars has not yet been established.
Strengths of the HCl-based analysis for amino acids include (i) the high specifi city of binding between ninhydrin and the α-amino N of amino acids, peptides, primary amines, and NH 4 + , and (ii) the stability of this method against soil contaminants. A disadvantage is the moderate sensitivity of the visible light detector (Table 1) . Mulvaney and Khan (2001) reported methodological errors in this method and questioned its sensitivity to fi eld treatments. In earlier years, acid-extractable N was equated with plant-available N but that is no longer believed to be true (Stevenson, 1982) .
The best use of the acid hydrolysis-ion exchange chromatography-ninhydrin derivatization approach has been the identifi cation of total soil organic N forms. Yet only 30 to 45% of total soil N is typically identifi ed as amino acid N, and another 5 to 10% is identifi ed as amino sugar N (Stevenson, 1996) . Some soil N is not extractable by acid, some N is extractable but not identifi able as common amino compounds, and some N is detected as NH 4 + , which can be derived from multiple inorganic or organic N pools. These include clay-mineral-fi xed NH 4 + , degradation products from amino sugars and other amino acids that are unstable in acid, the amino acid amides asparagine and glutamine, and possibly other organic N compounds (Stevenson, 1994 (Stevenson, , 1996 .
González-Prieto and Carballas (1988) expanded the acid hydrolysis fractionation by performing as many as four acid hydrolyses of increasing strength. Their intent was to preclude formation of artifact organic compounds that occur under lengthy, continuous hydrolysis. Their modifi cation resulted in a smaller size of the "unknown" N fraction, slightly better recovery of α-amino acids, and recovery of a new fraction considered to be amide N.
With additional purifi cation and derivatization followed by gas chromatography analysis, HCl hydrolysates have also been used to distinguish d-and l-enantiomers of soil amino acids (Amelung and Zhang, 2001; Amelung, 2003) . Enantiomer ratios can be used as markers for both bacterial residues and cell aging, creating opportunities for elucidating previous soil N fl uxes with time. Martens and Loeffelmann (2003) proposed soil extraction by methanesulfonic acid (MSA) to avoid the HCl-induced oxidation of the S-containing amino acids (methionine and cysteine) and degradation of serine and threonine. Furthermore, MSA is nonvolatile and thermally stable at elevated temperatures, enabling shortened extraction times through increased extraction temperatures and pressures (when autoclaving). Conventionally, MSA has been used to extract the amino acid tryptophan, which is degraded during HCl extraction (Simpson et al., 1976) . Martens and Loeffelmann (2003) also used HPAEC-PAD so that easily oxidizable compounds such as amino acids and amino sugars could be measured simultaneously and without derivatization. In a representative chromatogram for this procedure (Fig. 3) , peaks were reasonably well resolved except for ornithine, methionine, and phenylalanine. found that the resolution between the serine and proline peaks became progressively worse with increasing age of the anion exchange column. For this soil and for standard solutions, peaks were large for two amino sugars (galactosamine and glucosamine) and several of the more common amino acids, indicating adequate detector response for these compounds. Peak sizes were rather small, however, for two of the most abundant amino acids: aspartate/asparagine and glutamate/glutamine (Martens and Loeffelmann, 2003; .
In the fi rst application of HPAEC-PAD to soil amino compounds, Martens and Loeffelmann (2003) identifi ed 52% of the total N in 22 Midwestern soils as individual amino acids and amino sugars and 34% of soil N was measured as NH 4 + , hence being of unknown origin. They claimed to identify on average 86% of total soil N, but this sum included all NH 4 + . Following soybean [Glycine max (L.) Merr.] cropping, nearly all species of soil amino compounds were more abundant than following corn (Zea mays L.) cropping. Martens and Loeffelmann (2003) compared the effi ciencies of HCl and MSA for extracting soil amino compounds, but their results were invalid because the HCl extraction was not done under standard conditions, i.e., heating for several hours in sealed, air-free containers. Instead, the heat was supplied from hot plates to samples that were exposed to the atmosphere, which probably promoted oxidation of amino acids and also provided more variable temperatures than the prescribed oven heating. Consequently, the amount of amino N recovered by this method was low.
These results of the HPAEC-PAD approach were confi rmed in a subsequent, in-depth study of corn-soybean cropping during 3 yr in an Iowa fi eld (Martens et al., 2006) . On average, 51% of total soil N was identifi ed as amino compounds (range 35-76%), with more effi cient extraction of coarser textured soils (54%) than of fi ne-textured soils (43%). Amounts of all amino compounds varied clearly by crop and season, but their relative proportions did not, suggesting that all of them contribute to seasonal shifts in soil N mineralization and immobilization. During one corn season, 367 kg amino N ha −1 was lost from the soil, and during the soybean season 320 kg amino N ha −1 was gained. The researchers calculated signifi cant coeffi cients of determination between corn grain yield and the amounts of soil amino compounds at the spring sampling times in the two corn years (Table 3) .
In other applications of HPAEC-PAD for measurement of soil amino compounds, Van Haren et al. (2005) measured total amino compounds and other soil N pools when relating N fl uxes to N 2 O emissions. McLain and Martens (2005) used soil amino compounds as a measure of organic N content and CO 2 evolution as a measure of organic matter mineralization to accurately predict N 2 O fl ux rates in incubated soils. observed changes in soil amino compounds following a one-time application of dairy slurry to nine soils from six U.S. states. They also noted that amino N extractable by MSA and HPAEC-PAD had substantially greater proportions of the basic amino acids (arginine, histidine, and lysine) and smaller proportions of the acidic amino acids (aspartate/asparagine and glutamate/glutamine) compared with published results for the HCl approach. 
PHENOLS Roles in Soil Processes
Soil phenols are derived from microbial exudates and lignin and nonlignin polyphenolic tissues of plants. They are the second most abundant organic constituent cycled in soil, after cellulose (Freudenberg, 1968; Harkin, 1973) , and account for about 40% of the organic C that circulates in the biosphere (Croteau et al., 2000) . They have high chemical reactivity and have been implicated in numerous soil processes. Phenols have been associated with soil structure (Griffi ths and Burns, 1972; Martens, 2000a,b; Monreal et al., 1995) and C sequestration in soil and marine sediments (Schulten et al., 1992; Zibilske and Bradford, 2007) . They have been associated with chemical stabilization of soil N in anaerobic or seasonally wet agro-ecosystems (Olk et al., 2006) and other ecosystems (Hättenschwiler and Vitousek, 2000; . Phenols are toxic to microorganisms and growing plants (Turner and Rice, 1975; Kosuge, 1969) and are considered a primary agent for allelopathy (Inderjit et al., 1999) . The lignin and polyphenol contents of plant residues are often considered primary factors of plant residue decomposition (Cadisch and Giller, 2001; Vanlauwe et al., 2005) . Because the relative abundances of individual phenol species vary widely among plant types, they have been used as markers of parent vegetation. For example, they have often been used to identify the sources of organic matter in streams and deep sea sediments (Onstad et al., 2000) .
Analytical Procedures for Soil Phenols
Earlier procedures for measuring soil phenols involved potentiometric (pH) titrations to measure the total quantity of phenolic functional groups. These analyses are operational and of questionable accuracy (Perdue, 1985; Stevenson, 1994; Swift, 1996) . Plant phenols are often measured as acid detergent lignin, through weight loss on ignition following prior removal of hemicelluloses, proteins, and cellulose (Goering and Van Soest, 1970; Lai and Sarkanen, 1971) . Following the development of chromatographic methods, increasing effort has been directed at measuring individual phenol species. Results indicate that their relative abundances vary by plant species and plant part, and their cycling rates in soil also differ.
As an example of high relevance to agronomic crops, ligneous tissues in grasses (Gramineae) are composed of a lignin core and peripheral groups (Akin, 1989; Chen, 1992a; Carpita and McCann, 2000) . The core consists mainly of vanillyl (i.e., guaiacyl) and syringyl phenols, while the peripheral groups include the cinnamic phenols p-coumaric acid and ferulic acid. The peripheral groups cross-link the lignin core to cell wall carbohydrates and possibly proteins (Harkin, 1973; Ralph et al., 2004) , mostly by ester bonds formed through the carboxyl groups of the cinnamic phenols and to a lesser extent by α-aryl ether bonds. Such cross-linkage might affect the decomposition rates and cycling of the plant tissues following incorporation into soil. For wheat (Triticum spp.), Bertrand et al. (2006) found that this cross-linkage was more extensive in root lignin than in leaf lignin. They suggested that the extent of crosslinkage might be the primary cause for the frequent observation that decomposition of root material in soil is slower than that of leaf material (Balesdent and Balabane, 1996; Puget and Drinkwater, 2001; Gale and Cambardella, 2000) .
In recent decades, at least two different approaches have been taken to measure individual species of soil phenols. The fi rst involves NaOH extraction of soil, a relatively simple procedure. At ambient temperature, mild concentrations of NaOH will hydrolyze "saponifi able" phenols through cleavage of their ester and α-aryl ether bonds (Provan et al., 1994) . Saponifi able phenols comprise much of the peripheral ligneous groups. Stronger concentrations of NaOH together with heating (and sometimes pressure) are used to extract lignin core phenols, most of which are joined together by β-aryl ether bonds through their hydroxyl groups. As reviewed by Martens (2002a) , some plant biochemistry studies extracted both of these two phenol pools, but the few soil science studies that used this approach extracted either ester-or ether-bound phenols, not both. All of these studies detected phenol species by either gas chromatography or, more commonly, HPLC. Overall, this NaOH extraction has been used sparingly by soil scientists.
A second approach used more widely during the past 20+ years by soil scientists and geochemists has centered on CuO oxidation (Hedges and Mann, 1979) . Soil is heated in NaOH together with solid-phase CuO, which catalyzes the oxidation and cleavage of the ether bond connecting phenolic subunits. The extraction is relatively thorough: oxidation of lignincontaining samples by a comparable procedure (nitrobenzene oxidation) converted 20 to 75% of the lignin to identifi able aromatic fragments (Chang and Allan, 1971) . It has been used to study the abundance of terrigenous organic matter in natural waters and deep sea sediments (Goñi and Hedges, 1992; Opsahl and Benner, 1997; Onstad et al., 2000) , lignin cycling in forest soils (Kögel-Knabner and Ziegler, 1993) , and as a general characterization of soil organic matter in numerous other studies, some of which were reviewed by Kögel-Knabner (2000) .
A major drawback of CuO oxidation is its laborious nature, involving several cleanup steps and derivatization via silylation. Its caustic nature may also alter some structural features of the parent macromolecule (Filley et al., 1999; Hedges et al., 2000) or destroy labile phenols, especially ortho phenols-those having peripheral groups attached to adjacent carbons in their ring structures (Filley et al., 2005; Martens, 2002a; Sarkanen and Hergert, 1971 ). An alternative extractant, tetramethylammonium hydroxide, is less caustic than CuO and better preserves labile phenols, although it extracts smaller total quantities of phenols (Filley et al., 2005 (Filley et al., , 2006 . The use of 13 C-labeled tetramethylammonium hydroxide can help distinguish demethylated lignin and tannin (Filley et al., 2006) . Phenols that are extracted by CuO or tetramethylammonium hydroxide are detected by gas chromatography.
Few or no efforts have been made to calibrate these two approaches for measuring soil phenols. Neither approach appears to allow extraction of all soil phenols, even the relatively caustic CuO oxidation. Yet both approaches have given useful, reproducible results, and the challenge is to synthesize their results into a fundamental understanding of phenol chemistry.
Using NaOH extractions to distinguish ester-linked phenols from ether-linked phenols in soil and plant samples, Martens (2002a) found substantially greater amounts of phenols in monocotyledonous plants than in dicotyledonous plants, confi rming ear-lier results of Provan et al. (1994) and NMR results by Nimz et al. (1981) . Specifi cally, corn tissue had 11-fold more ester-bound phenols than did soybean tissue, principally resulting from a 12-fold greater content of coumaric acid. Corn also had fourfold more ether-bound phenols than did soybean. These results contradict the widespread belief that soybean has more acid detergent lignin than does corn (Dence, 1992) , leading Martens (2002a) to suggest fundamental chemical fl aws with the acid detergent lignin procedure, as described elsewhere (Collins and Fritz, 2003) . Similarly, soil following a corn crop had more than twice the content of ester-linked phenol than soil following a soybean crop. Their ether-linked phenols differed little, prompting Martens (2002a) to speculate that esterlinked soil phenols might refl ect recent plant biomass additions and ether-linked phenols might refl ect long-term crop management practices. Finally, Martens (2002a) noted that the large amounts of extracted cinnamic phenols contradicted their small amounts that are reported in CuO studies, suggesting that CuO extraction destroys what may in fact be relatively abundant phenols in soil. Martens (2000a Martens ( , 2002b ) measured soil biochemical compounds during an 84-d incubation in soil of residues from seven crops. Soil organic C and soil aggregation after 84 d were best correlated with soil levels of ester-bound phenols, while rapid decomposition of plant residues and aggregate stability at early sampling times were best correlated with plant contents of carbohydrates and amino compounds (Table 4) . Soil organic C content at 84 d was correlated with the summed plant content of vanillin and vanillic acid phenols. Martens (2000b) investigated the known improvement of soil aggregation under corn cropping compared with soybean cropping. A phenol enrichment of soil was shown to result from corn cropping. Mean soil aggregate size was correlated to varying degrees with total soil phenols (r = 0.997, P < 0.001), soil amino acids and amino sugars (r = 0.995, P < 0.001), NaOH-extractable humic acid (r = 0.985, P < 0.01), and soil monosaccharides (r = 0.75). Total soil phenols and NaOHextractable humic substances were highly cross-correlated (r = 0.996, P < 0.001), leading Martens (2000b) to hypothesize that decreased phenol input to the soil with soybean cropping led to increased mineralization of humic-like substances and hence loss of soil aggregation. Martens et al. (2004) investigated the biochemical composition of the additional C that was sequestered in one soil under forest or pasture use when compared with the smaller C content when this soil was cultivated for crop production. They concluded that the additional sequestered C was predominantly composed of residues from plant cell walls, based on its high content of total phenols and plant-derived carbohydrates. The joint accumulation of carbohydrates and phenols was thought to refl ect their coexistence and cross-linkage in plant cell walls. By measuring phenols, carbohydrates, and also amino compounds and lipids, Martens et al. (2004) identifi ed 79, 73, and 71% of the C in the pasture soil, cropped soil, and forest soil, respectively.
SIMULTANEOUS MEASUREMENTS OF CARBOHYDRATES, AMINO COMPOUNDS, AND PHENOLS
DISCUSSION
Whole soil processes such as nutrient supply, aggregation, and binding of anthropogenic compounds can involve several soil components. For example, N cycling can refl ect the behavior of amino acids, amino sugars, and their chemical and biological interactions with C compounds. Hence a holistic soil biochemistry program should include high-quality analytical procedures for several classes of biochemicals, of which carbohydrates, amino compounds, and phenols are among the most abundant.
High performance anion exchange chromatographypulsed amperometric detection has been used for some years already in the chemistry and biochemistry realms. With the appropriate chromatography columns, the same instrument can be used to analyze both carbohydrates and amino compounds. This approach has been recognized across scientifi c disciplines as one of the best methods available for measuring carbohydrates. For soil analysis it has been successfully compared with the previously leading analysis method, HPLC-RI. This method has not yet been compared with the gas-chromatography-based methods for carbohydrates.
By comparison, HPAEC-PAD has not been used suffi ciently for determination of amino acids and amino sugars to enable a conclusive evaluation. Specifi cally, it has not been adequately compared against the standard method, HCl hydrolysis-cation exchange chromatography-ninhydrin derivatization-visible light absorption. The use of MSA extraction and HPAEC-PAD may well prove to be an incrementally bet- ter method than the HCl approach. As speculated by , its more effi cient extraction of basic amino acids would position it as a valuable complement to the HCl approach. At this time, though, it does not appear to solve the greatest obstacle to identifying soil amino compounds: the large proportions of soil N that are either unextractable or unidentifi ed. Although multiple causes of this problem are possible (Stevenson, 1982) , the poor extraction of amino compounds from fi ne-textured soils suggests that a primary challenge will be to disrupt the strong binding of amino compounds to clay surfaces without destroying the amino molecules. The NaOH-based distinction of ether-linked soil phenols from ester-linked soil phenols has received yet less attention from soil scientists, although it has a solid basis in the plant biochemistry literature. It should be compared against the CuO and tetramethylammonium hydroxide techniques, which are better known to soil scientists and biogeochemists. These analyses may well provide complementary insights into phenol dynamics by extracting distinct pools of phenols that differ in chemical lability. The promise of the ether-ester dichotomy calls for its evaluation on a wider range of crop tissues and soil types. In particular, attention should be paid to the absence thus far of an internal standard and the avoidance of derivatization, as both steps are routine in other gas-chromatographybased procedures for lignin-derived phenols (Hedges and Ertel, 1982; Lundquist, 1992; Chen, 1992b) .
Joint use of these techniques potentially enables the partitioning of whole soil processes to the actions of different compounds, exemplifi ed through the studies of soil aggregation by Martens (2000a Martens ( , 2002b . Such integrated thought is recommended for many soil processes that involve the action of multiple compounds. In addition, the high percentages (>70%) of soil C that Martens et al. (2004) identifi ed as carbohydrates, phenols, fatty acids, and amino compounds suggests that soil organic matter is more a mixture of incompletely decomposed plant residues than a fundamentally transformed chemical matrix that scarcely resembles its precursors. If this fi nding were shown to be a general fact, it would contribute substantially to the long-running debate on the chemical structure of soil organic matter, and perhaps also to our understanding of soil organic matter dynamics.
Analytical capabilities for soil biochemicals have improved tremendously during the past few decades. Multiple options now exist for quantitative measurement of biochemical compounds. Some procedures can provide detailed information through complex steps, for example measurement of stable isotopes. These procedures are best suited for intensive characterization of a limited number of samples. The techniques described in this review are, by contrast, relatively rapid and are thus more advantageous for moderate characterization of larger numbers of samples. Both approaches can be useful to understanding soil processes, depending on the research objectives.
